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SUMMARY

During infection, Renibacterium salmoninarum survives within the pronephric macrophages

of salmonid fish. Therefore, to study the initial phases of the interaction we infected

macrophages with live bacteria and analysed the responses of host and pathogen. It was found

that the expression of msa encoding the p57 antigen of R. salmoninarum, was constitutive,

while the expression of hly and rsh, encoding haemolysins, and lysB and grp was reduced

after infection. Macrophages showed a rapid inflammatory response in which the expression

of interleukin-1b (IL-1b), major histocompatibility complex class II (MHC II), inducible

cyclo-oxygenase (Cox-2), and inducible nitric oxide synthase (iNOS) was enhanced, but

tumour necrosis factor-a (TNF-a) expression was greatly reduced initially and then

increased. After 5 days, except for TNF-a and MHC II, expression returned to levels

approaching those of uninfected macrophages. We propose that R. salmoninarum survives

initial contact with macrophages by avoiding and/or interfering with TNF-a-dependent

killing pathways. The effects of specific R. salmoninarum components were studied in vivo

by injecting fish with DNA vaccine constructs expressing msa, hly, rsh, lysB, or grp. We

found that msa reduced the expression of IL-1b, Cox-2, and MHC II but stimulated

TNF-a while hly, rsh and grp stimulated MHC II but down-regulated TNF-a. Constructs

expressing hly or lysB stimulated iNOS expression and additionally, lysB stimulated

TNF-a. The results show how p57 suppresses the host immune system and suggest

that the immune mechanisms for the containment of R. salmoninarum infections rely on

MHC II- and TNF-a-dependent pathways. Moreover, prolonged stimulation of TNF-a may

contribute to the chronic inflammatory pathology of bacterial kidney disease.

INTRODUCTION

Renibacterium salmoninarum is an obligate pathogen of

salmonid fish that causes a chronic infection, bacterial

kidney disease (BKD).1 The pathogen is a slowly growing,

Gram-positive bacterium that survives within the macro-

phages of the kidney2 and can be transmitted both vertically

inside the ova and horizontally between cohabiting fish.3,4

Antibiotic treatment and vaccination are unable to prevent

or cure BKD and immunization may exacerbate the

disease.1 Renibacterium salmoninarum is a highly conserved

genospecies and most probably evolved in close association

with the salmonid host.5 BKD is widespread and is

responsible for substantial losses in propagated and wild

salmonids.

The chronic course of BKD is reminiscent of myco-

bacterial infections involving a balance between compo-

nents of the immune response, which can be tipped in

favour of host or pathogen depending on environmental

and genetic factors.6 Infections in ovo may involve the

transmission of as few as one or two bacterial cells7 and

BKD may or may not become active in later life following

a prolonged period of incubation and, perhaps, physiolo-

gical changes induced, for example, by changes in water

temperature and quality, nutritional status, or hormone

balance, such as occur during smolting and spawning.8,9

Much of the histopathology of BKD represents a
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granulomatous inflammatory reaction by the host in

an attempt to encapsulate the pathogen. Typically,

there is extensive tissue damage, a strong cell-mediated

response, macrophage proliferation and activation, and

probably the deposition of immune complexes in the

kidney, spleen and liver, and a type III hypersensitivity

response.10 Antibody responses to R. salmoninarum do

not provide protection and may promote some aspects of

the pathology as well as the intracellular survival of the

bacterium.1,11 Phagocytosis of R. salmoninarum induces

reactive oxygen intermediates (ROI) and inducible nitric

oxide synthase (iNOS) that inhibit but do not eliminate

the pathogen, which subsequently escapes into the cyto-

plasm.2,12–15 Nevertheless, acute infections can be resolved,

possibly as a consequence of a temperature-dependent

T-cell response, although carriers, latency and relapse are

common.8

How R. salmoninarum modulates the host immune

response to its advantage and the factors that contribute

to the immunopathology have received little attention.

Studies of the interaction between host and pathogen

have centred on the major soluble antigen, p57, encoded

by the gene msa,16 which is produced and secreted in

relatively large quantities by R. salmoninarum in the tissues

of infected hosts.17 The p57 protein interferes with the

development of normal immune responses and suppresses

the production of ROI and antibodies.17,18 Furthermore,

vaccination studies have shown that immunizing with

p57 may exacerbate the disease.19 Other components that

may contribute to pathogenicity include genes encoding a

metalloprotease, hly,20 and a haemolysin, rsh,21 that are

expressed in cultured cells infected with R. salmoninarum22

and may be recognized by the host immune system during

clinical disease.23 It has been reported recently that

immunization with the components encoded by hly and

rsh reduced mortalities among fish subsequently challenged

with R. salmoninarum but the reasons for this are

unknown.24

In order to investigate the early phases of the interac-

tion of R. salmoninarum with pronephric macrophages,

we studied the kinetics of expression of msa, hly, rsh and

other selected R. salmoninarum genes and also host cytokine

and cytokine-related genes following infection in vitro.

To determine the role of specific R. salmoninarum genes

in vivo, we examined the responses of pronephric leucocytes

to DNA vaccine constructs separately expressing msa, hly,

rsh, and two novel genes, lysB and grp.

MATERIALS AND METHODS

Pronephric macrophages

Macrophages were prepared from the head kidney of

healthy 200-g rainbow trout maintained at 16u using the

method described by Secombes.25 Briefly, the pronephros

was removed, disaggregated and suspended in Leibovitz’s

L-15 medium (L-15) containing 2% (v/v) fetal calf serum

(FCS), 10 U/ml heparin (H), 50 U/ml penicillin and 50 mg/

ml streptomycin (P/S) (Life Technologies, Paisley, UK).

The cell suspension was layered onto a discontinuous

density gradient of 34%/51% Percoll and centrifuged at

500 g for 35 min. The macrophage fraction was harvested,

washed and resuspended to a density of 1r107 cells/ml

in L-15 supplemented with 5% (v/v) FCS+H+P/S. After

24 hr the culture medium was replaced with fresh

L-15+5% FCS+H, the cells were counted, and their

viability was assessed by trypan blue exclusion.

Renibacterium salmoninarum culture and DNA extraction

Renibacterium salmoninarum 980036-150, isolated from a

recent confirmed clinical outbreak of BKD, was cultured

for 6 weeks on selective kidney disease medium (SKDM)

from freeze-dried stocks and the genomic DNA was

extracted from the bacteria as previously described.26

Infection of pronephric macrophages

Broth cultures of R. salmoninarum were washed twice

in phosphate-buffered saline (PBS) and resuspended in

L-15+5% FCS+H to a concentration of 1r108 cells/ml.

The viability and purity of the cultures was assessed by

spread plating onto SKDM and nutrient agar, respectively,

and incubation at 15u, 25u and 30u. R. salmoninarum does

not grow on nutrient agar nor at temperatures over 22u.1

The infection of macrophages with R. salmoninarum was

performed using previously described methods.2 Briefly,

bacterial suspensions were added to the macrophage

suspensions at a multiplicity of infection (MOI) of 0.7, 5,

or 10 and the cultures were gently rotated at 10 r.p.m. for

2 hr at 15u. After incubation, the cells were centrifuged at

100 g for 5 min at 15u and were washed with L-15+5%

FCS+P/S+ gentamicin (50 mg/ml) to remove the super-

natant containing extracellular bacteria. This step was

repeated three times. Using P/S and gentamicin inhibits the

replication of any bacteria that are released from lysed cells

during the course of the incubation.2 Following careful

resuspension the infected macrophages were divided into

aliquots and sampled immediately (2 hr) or incubated at

15u for 1 day or 5 days. Uninfected macrophages were used

as a control.

RNA extraction and reverse transcription-polymerase chain

reaction PCR (RT-PCR)

Total RNA was extracted from R. salmoninarum-infected

macrophages using the method described by Cook and

Lynch.27 To obtain total RNA from trout muscle or

pronephros, tissues were homogenized in RNAzol B

(Biogenesis, Poole, UK) and extracted according to the

manufacturer’s instructions. RNA derived from these

procedures was treated with DNaseI (Amplification

Grade; Life Technologies). The purity and quantity of

RNA was determined by measuring the optical density at

260/280 nm. Total RNA was reverse-transcribed by using

the Superscript II RT-PCR kit (Life Technologies) as

described previously.28 Each 50 ml reverse transcription

reaction contained 5 mg total RNA and 300 ng random

primers. The amount of amplified PCR products was

therefore relative to a constant amount of starting RNA.

Control reactions, from which either reverse transcriptase

or RNA was omitted, were run in parallel.
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Amplification was performed in a thermal cycler

(MWG Biotech Ltd, Milton Keynes, UK) using primers

designed as previously described26 (Tables 1 and 2).

Reaction mixtures (50 ml) contained 1 U Taq polymerase,

reaction buffer containing 1.5 mM MgCl2 (Roche, Lewes,

UK), 24 pmol of each primer (Sigma-Genosys, Cambridge,

UK), 0.2 mM dNTPs and 1 ml cDNA template. Reactions

were overlaid with mineral oil, denatured at 96u for 1 min,

and subjected to 30, 34, 35, or 40 cycles as follows: 96u for

30 seconds, 65u for 30 seconds, 72u for 90 seconds and,

finally, 72u for 210 seconds. The amplification products

were visualized under UV light on 1% agarose gels stained

with ethidium bromide. To ensure that amplification

products were within the linear range of the PCR cycle,

for each primer a series of amplification cycles were carried

out. Cycle times for each gene were selected on the basis

of these data (Tables 1 and 2).

Vectors and DNA constructs

The expression vector pcDNA3.1/V5-His-TOPO (Invitro-

gen, Life Technologies) was used in constructing plasmids

containing genes msa (pMsa2), hly (pHly1), rsh (pRsh3),

lysB (pLysB21), and grp (pGrp22) according to the

manufacturer’s instructions. Plasmids for DNA vaccination

were constructed to include the full length of the gene

including the ATG start codon and the stop codon inserted

downstream of the human cytomegalovirus (CMV) pro-

moter. Two additional plasmids expressing lysB (pLysB13)

or grp (pGrp11) were constructed to provide a translational

fusion of the proteins with His and V5 epitopes encoded

by the vector and located at the C terminus. This

was necessary to enable the immunological detection of

lysB and grp gene products within the tissues of fish that

were injected with the plasmids expressing these genes

because at the time there was no specific means of

detecting the proteins. The nucleotide sequences that

were cloned into pcDNA3.1/V5-His-TOPO were generated

by PCR, under the conditions outlined above, from the

genomic DNA of R. salmoninarum 980036-150. Where

possible, a Kozak translation initiation sequence was

included to enhance expression as recommended by

the manufacturer. The primers that were used for

the amplification of the genes were as follows:

pMsa2 sense, AGATGGCTTTCGCTGGTGCGCTGT;

antisense, TGCCGTCTTACCTGAATCAACACC; pHly1

sense, GGATTATGGAAAAGTACTACGCCG; antisense,

GGCGCTTTCTAGCTATCTCAGGTT; pRsh3 sense,

CGATGAGGATCGACCATGACATCC; antisense, CTT-

GGTAATAGCCAGCGATTGCAG; pLysB21 sense,

GTTATGGGACTTTTCGATGACATC; antisense, AAC-

CTACGGAAGCGTCAAAACCTG; pGrp22 sense, ACC-

GTGGCGACGGCTAGTGTTGCG; antisense, CTAA-

CCAACTGAGCATGAAGAACTGCT; pLysB13 sense,

GTTATGGGACTTTTCGATGACATC; antisense, AAG-

CGTCAAAACCTGGCCCGGGAA; pGrp11 sense, ACC-

GTGGCGACGGCTAGTGTTGCG; antisense, ACCAA-

CTGAGCATGAAGAACTGCT. All plasmids were trans-

formed into Escherichia coli TOP 10, and positive colonies

were characterized by restriction enzyme analysis. Plasmid

DNA was amplified in E. coli TOP 10, purified with

the Quantum plasmid purification kit (BioRad, Hemel

Hempstead, UK), and stored at x20u until use.

Antibodies and immunohistochemistry

Rat antibodies specific for R. salmoninarum proteins p57,

Hly and Rsh have been previously described;20,29,30

monoclonal antibodies (mAbs) specific for His (C terminus)

and V5 epitopes (Invitrogen, Life Technologies) were used

as pure antibodies or as direct conjugates to fluorescein

isothiocyanate (FITC). Goat anti-mouse IgG F(abk )2 FITC

and rabbit anti-rat IgG FITC (Sigma) were used as

secondary antibodies where necessary. Muscle tissue was

obtained from 115-g rainbow trout that had been injected

intramuscularly in the flank between the lateral line and

the leading edge of the dorsal fin with 20 mg of a DNA

vaccine construct in a 10-ml volume. After 1 week, blocks of

muscle were excised from the tissues surrounding the

injection site, frozen at x80u, and 10-mm sections were

cut on a cryostat, dried overnight at room temperature,

fixed for 5 min in paraformaldehyde vapour, and rehy-

drated and washed three times with PBS. Tissue sections

were incubated with primary antibody diluted with PBS

(1 : 50, 1 : 100, 1 : 200) for 1 hr at room temperature, washed

three times with PBS, and incubated with FITC-conjugated

Table 1. Primers used to amplify specific Renibacterium salmoninarum genes (35 PCR cycles)

Gene

Size of PCR

product (bp)

Primer

Designation Sequence (5k–3k)

msa 487 Rs57+127 TCGCAAGGTGAAGGGAATTCTTCC

Rs57x611 GGTTTGTCTCCAAAGGAGACTTGC

hly 542 RsMP+338 ATCGGCTCAGACTAGCGCCATAAT

RsMPx877 GCTTCAAGATCGATGACCTTCGAG

rsh 572 RsH+231 TCCGGTCATCATGCTTTCTTCGCT

RsHx800 ATTGCCACCAAGCTGAAGTACCTG

lysB 258 35K+193 ATGTAGCCAAGAATGTGGGCGATG

35Kx448 AGGCTATCTCCTTCAGCAACAGTC

grp 330 3C+1950 AGTGTTGCGTCGAGCAATCGGCTA

3Cx2277 AGCATGAAGAACTGCTGCGGGAAG
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secondary antibody diluted with PBS (1 : 320) for 1 hr at

room temperature. Control muscle tissues from unvacci-

nated fish were treated in the same way. Preparations were

viewed using a fluorescence microscope (AHBT Vanox,

Olympus) fitted with the appropriate filters for FITC

(excitation filter BP490, dichroic mirror DM500, barrier

filter O515) and digital images were captured for each of the

vaccinated and control tissues.

Injection of rainbow trout with DNA vaccine constructs

Separate groups (n=12) of 30–40-g rainbow trout main-

tained at 16u were injected with individual DNA vaccine

constructs. The fish received 20 mg of plasmid DNA in a 10-

ml volume injected intramuscularly in the flank between the

lateral line and the leading edge of the dorsal fin. Previous

work has shown that higher levels of expression are

obtained when small volumes of DNA are injected.31 Two

control groups (n=12) were either injected with pcDNA3.1/

V5-His, which did not contain any of the inserts, or were

unvaccinated. Fish were sampled at 1, 3, 5 and 7 weeks after

injection and the pronephros was removed for RNA

extraction and RT-PCR analysis. Some samples were also

processed 12 weeks after injection.

DNA sequencing and sequence analysis

PCR products from reactions performed with each primer

set were sequenced by MWG-Biotech Ltd (Milton Keynes,

UK). The correct identity and orientation of the inserts in

Table 2. Primers used to amplify rainbow trout cytokine and cytokine-related genes

Gene

(PCR cycles)

Size of PCR

product (bp)

Primer

Designation Sequence (5k–3k)

GAPDH (30) 454 GAP+328 TTGAATCCACCGGAGTCTTCCTCA

GAPx779 TAGTTCCACCACTGATACGTCAGC

NKEF (30) 517 NKEF+68 ACGGCCAGTTCAAAGACATCAGCA

NKEFx582 GAAGTCTTTGCTCTTCTGCACGTC

IL-1b (34) 345 IL1+132 ACACCTCTGAAAGTGCAGCATGGA

IL1x475 TGCAGCTCCATAGCCTCATTCATC

IL-1R (34) 582 IL1R+89 CTCCGCTACCTATGATAGATGGCT

IL1Rx668 ACTCTAAGCTGACAGGTGTAGAGG

Cox-1 (30) 535 COX1+448 TATCCCTGAGTTCTGGACGAGAGT

COX1x980 TAAGAAGCCGGAGGTTCAGTTGAC

Cox-2 (34) 599 COX2+188 TATGAGTGCGACTGCACAAGGACT

COX2x784 CAGTTTGCCATCCTTGAACAGCCT

TNF-a (34) 602 TNFA+43 CCTGTGTACAACACAACGGTGACA

TNFAx642 GAACACTGCACCAAGGTAAACTGC

TGF-b (30) 484 TGF+42 AGACTCTGAATGAGTGGCTGCAAG

TGFx523 CTCCAAGACCTGTGGAACACAGCA

iNOS (40) 442 INOS+221 TGAAGCACTTGGAGACAGAGTTCC

INOSx660 CATTACCACAACCAGAAGGCTCTC

Mx1 (30) 425 MX1+1684 GACGAAGACCAACCCTTAACTGAG

MX1x2106 AACCCCACTGAAACACACCTGTAG

Mx2 (34) 399 MX2+1656 TCTGTAAGGAGTACTGTCAATGGC

MX2x2052 ATCTACCCCAAACCTCAATGCCTA

Mx3 (30) 469 MX3+1624 AGGAAGACGACCGACCCTTACCAA

MX3x2090 CTTTCAAGTGATATCCTCTGGGTC

MHC I (30) 287 MHCI+713 ATGGTGTTCTGGCAGAAAGACGGA

MHCIx997 GAGAGCTATCACCCCTCCAATGAT

MHC II (30) 408 MH+4021 TCAGATTCAACAGCACTGTGG

MHx577 CAGGAGATCTTCTCTCCAGACTTG

CXC-R4 (30) 434 CXC+287 TCCTATTCGTCCTCACGCTACCTT

CXCx718 GCTTGGCAATGATGATGCAGTAGC

CC-R7 (30) 491 CCR+224 GTATGAACCACCTCTCTACTGGTC

CCRx712 TTGGTGCGGTTGTTCTGGTTACTC

TCRb (30) 411 TCRB+48 CTCCGCTAAGAAGTGTGAAGACAG

TCRBx456 CAGGCCATAGAAGGTACTCTTAGC

CD8a (30) 290 CD8+327 AAAGGCTCGAGATAGTGGCGTCTA

CD8x614 CGGTTGCAATGGCATACAGTGATG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NKEF, natural killer cell enhancing factor; IL-1b, interleukin-1b; IL-1R, interleukin-1

receptor type II; Cox-1, cyclo-oxygenase constitutive isoform; Cox-2, cyclo-oxygenase inducible isoform; TNF-a, tumour necrosis factor-a; TGF-b,

transforming growth factor-b; iNOS, inducible nitric oxide synthase; Mx1, Mx2 and Mx3, interferon-inducible genes of fish and mammals; MHC I,

major histocompatibility complex class I; MHC II, major histocompatibility complex class II; CXC-R4, CXC chemokine receptor type 4; CC-R7, CC

chemokine receptor type 7; TCRb, T-cell receptor b chain; CD8a, a-chain of the T-cell receptor co-receptor molecule.
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all plasmids was confirmed by DNA sequencing of

both strands (MWG Biotech Ltd). The identities of

the sequences were confirmed by pairwise alignments

with the target sequences found on the GenBank database

using the GENEBEE multiple alignment program, which can

be found at http://http://www.genebee.msu.su/services/

malign_reduced.html. The nucleotide sequences reported

here have been deposited in GenBank (accession nos

AF428065–AF428067; AF178994, AF428071, AF428072).

RESULTS

Infection of phagocytes with R. salmoninarum

Initial studies were designed to investigate the expression

of five R. salmoninarum genes following the infection of

macrophages with increasing MOI. The viability and

morphology of the macrophages was assessed by mi-

croscopy and trypan blue exclusion. Using RT-PCR the

pattern of expression of the R. salmoninarum genes was very

similar at each MOI of 0.7, 5 and 10 although the strength

of the signal was substantially reduced at MOI=0.7

(Fig. 1a). Furthermore, RT-PCR amplification of glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) showed

that at MOI=10 the viability of infected macrophages

was adversely affected after 1 day (Fig. 1b). Therefore, we

used an infectious dose of MOI=5 in the subsequent experi-

ments because it resulted in clearly detectable expression

of R. salmoninarum genes without inducing cell death to

the extent that GAPDH expression by the macrophages

was obviously affected.

Expression of R. salmoninarum genes during

macrophage infection

To analyse whether the expression of R. salmoninarum

genes that may have a role in pathogenicity is altered

during the early phases of phagocytosis, rainbow trout

macrophages were infected with live R. salmoninarum and

incubated for 2 hr, 1 day and 5 days. Antibiotics were

added to the culture medium in order to inhibit the growth

of any bacteria that were released from lysed macrophages.2

A previous comprehensive study showed that under these

conditions R. salmoninarum is rapidly phagocytosed by

macrophages and escapes from the phagosome into the

cytoplasm in 72.5% of infected cells within 6.5 hr of

infection.2 Total RNA was extracted from the samples,

treated with DNaseI, reverse transcribed to cDNA, and

amplified in PCR reactions using primers specific to genes

msa, hly, rsh, lysB and grp (Table 1). The patterns of

expression were compared with those obtained using

control samples including RNA that had been extracted

from R. salmoninarum immediately prior to infection and

also from uninfected macrophages that were sampled after

2 hr or 5 days.

Broadly, two patterns of R. salmoninarum gene expres-

sion were evident. Firstly, the expression of gene msa

was constitutive and unaffected over the time–course.

In contrast, the expression of genes hly, rsh, lysB and grp

was substantially reduced after 2 hr exposure to macro-

phages and over the course of 5 days the expression of

these genes gradually increased but did not return to the

levels that were present immediately prior to infection

(Fig. 2). The experiment was repeated three times with the

same result and DNA sequencing confirmed the identity of

the PCR products. These findings are in line with previous

reports that the expression of genes msa, hly and rsh was

detectable at the protein level inside cultured epithelial

cells that were infected with R. salmoninarum.22 Addition-

ally, this work shows that at the transcriptional level the

expression of hly and rsh, but not msa, is sensitive to the

conditions that are present within macrophages during

the early stages of phagocytosis.

(a) (b)

0.7

5

10

MOI

C 2hr
1

day
5

days + – + – + – + – w
C 2hr 1day 5days

Figure 1. Effect of increasing MOI on the expression of (a)

Renibacterium salmoninarum gene hly and (b) GAPDH of trout

macrophages. Trout macrophages were infected with R. salmoni-

narum and incubated for 2 hr, 1 day and 5 days at 15u. Total

RNA was extracted, reverse transcribed to cDNA and amplified

with specific primers by PCR. Data are representative of one

experiment which was repeated three times. C, control samples

taken immediately prior to infection of either (a) R. salmoninarum

or (b) trout macrophage cDNA; +, reactions containing reverse

transcriptase; x, reactions without reverse transcriptase; w,

reactions with water substituted for RNA template.

msa

+ + + – – – + – w
C 2hr 1da

y
5da

ys

hly

rsh

lysB

grp

+ –
C 2hr 1da

y
5da

ys

Mø

Figure 2. Expression of Renibacterium salmoninarum genes msa,

hly, rsh, lysB and grp following infection of trout macrophages

with R. salmoninarum using MOI=5. The same result was

obtained from three separate experiments. C, control samples of

R. salmoninarum cDNA taken immediately prior to infection; Mø,

cDNA from uninfected macrophages; +, reactions containing

reverse transcriptase; x, reactions without reverse transcriptase; w,

reactions with water substituted for RNA template.
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Cytokine and cytokine-related gene expression by

R. salmoninarum-infected macrophages

The kinetics and patterns of expression of rainbow trout

cytokine and cytokine-related genes by R. salmoninarum-

infected macrophages were examined by RT-PCR using

18 sets of primers complementary to as many of the relevant

sequences and isoforms as possible that were available on

the GenBank database (Table 2). The increased expression

of interleukin-1b (IL-1b), major histocompatibility complex

(MHC) II, the inducible isoform of cyclo-oxygenase

(Cox-2), iNOS and the chemokine receptors CXC-R4 and

CC-R7 was apparent 2 hr after infection and this is largely

consistent with a rapid inflammatory response (Fig. 3).

Mx1, Mx2, Mx3 and transforming growth factor-b (TGF-b)

were up-regulated after 1 day, when IL-1b and Cox-2 were

most strongly expressed. The Mx genes in fish respond to

virus and interferon (IFN)-like factors and have been

associated with inflammatory responses.32–34 After 5 days

the expression of these genes, with the exception of MHC II

that remained at a consistent level, appeared to be reduced

in comparison with the peak at 2 hr or 1 day and, in some

cases, had returned to a level approaching that in the

control macrophages. Interestingly, the expression of

tumour necrosis factor-a (TNF-a) was almost abolished

2 hr after infection but this effect was reversed after 1 day

and remained higher at day 5, perhaps in response to the

strong inflammatory signals from other components. The

expression of MHC I, the constitutive isoform of cyclo-

oxygenase (Cox-1), IL-1 receptor (IL-1R) and natural

killer cell-enhancing factor (NKEF) remained more or less

unchanged throughout the time–course (data not shown).

DNA sequencing and sequence analysis of the PCR

products confirmed the identity of the amplicons.

Expression of DNA constructs in fish muscle tissue

To verify the expression of DNA vaccine constructs

containing one copy of the full length of msa, hly, rsh,

lysB, or grp in fish tissues, we injected rainbow trout

intramuscularly with each construct. After 1 week, RNA

was extracted and immunohistochemistry was performed

using muscle tissue that had been excised from the injection

site. The correct sequence and orientation of all of the

R. salmoninarum genes encoded by each of the DNA vaccine

constructs was confirmed by DNA sequencing and each

gene was expressed at the RNA level (data not shown).

Furthermore, muscle sections that had been incubated with

antibodies for the detection of epitopes present on p57,

Hly and Rsh or for the detection of His and V5 C-terminal

epitope tags attached to LysB and Grp revealed that the

RNA was translated as protein (Fig. 4). Control tissues

(Fig. 4a) were treated in exactly the same way as tissues

from DNA-vaccinated fish and showed no evidence of the

punctate staining that was observed in the immunized

animals. Most of the cells that were stained were myocytes

although the occasional dendritic-like cell was observed

(Fig. 4b). The staining was mostly restricted to myofibres

contained within discrete blocks of muscle (Fig. 4c,d)

although there was also a diffuse appearance and tissue

vacuolation in the staining of the myocytes of fish express-

ing msa and hly that may have arisen as a consequence

of the proteolytic activity of these proteins (Fig. 4e).

The diffuse staining of p57 and Hly has also been observed

in R. salmoninarum-infected Epithelioma papillosum cyprini

(EPC) cells cultured in vitro.22

Host cytokine and cytokine-related gene responses to

R. salmoninarum proteins expressed in vivo

To investigate the responses of pronephric leucocytes to

R. salmoninarum genes that are expressed inside infected

macrophages we injected groups of rainbow trout intra-

muscularly with individual DNA vaccine constructs ex-

pressing one copy of the full length of msa, hly, rsh, lysB, or

grp. The responses were compared with those of control

fish that had been either injected with the plasmid vector

without any insert DNA or were unvaccinated. Pronephros

was removed at intervals after injection and prepared for

RT-PCR. Previous studies of DNA vaccination of rainbow

trout have demonstrated that constructs expressing lucifer-

ase under the control of the CMV promoter show peak

activity at 7 days post-injection, which is progressively

reduced to about 10–15% of maximum activity 5–6 weeks

post-injection. Therefore, we reasoned that the immediate

and direct cytokine and cytokine-related responses would

occur within the first 2 months after vaccination. Compared

with unvaccinated control fish, the head kidney leucocytes

of DNA-vaccinated fish sampled 1 week post-injection

IL-1b

+ + – + – – w

Mx2

Mx3

CXC-R4

CC-R7

– +
2hr 1da

y
5da

ys
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MHC II

Cox-2

iNOS

TNFa

TGFb

Mx1

Figure 3. Expression of cytokine and cytokine-related genes

following infection of trout macrophages with Renibacterium

salmoninarum. Mø, cDNA from uninfected trout macrophages.

+, reactions containing reverse transcriptase; x, reactions without

reverse transcriptase; w, reactions with water substituted for RNA

template. The experiments were repeated three times with the same

result.
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showed an increased expression of NKEF, TGF-b, Cox-1,

Cox-2, Mx2, T-cell receptor b (TCRb), MHC II, Mx1 and

IL-1b. Because this effect also occurred in fish that had

been injected with the plasmid vector alone this probably

represented a general non-specific response to the presence

of immunostimulatory CpG motifs within the vector.35

Following the acute reaction that was observed in week

1 and in comparison to control fish, the responses of fish

that had been injected with either pHly1, pRsh3, or pGrp22

were remarkably similar and showed increased expression

of Mx2 and MHC II at each sampling time (Fig. 5).

Furthermore, in these fish the expression of TNF-a was

reduced in weeks 3 and 5 before returning to control levels

by week 7. Mx3 expression was low, except in fish injected

with pHly1 and pRsh3, and iNOS expression was clearly

demonstrated, at weeks 5 and 7 in fish that had been injected

with either pHly1 or pLysB21, and, in the case of pLysB21,

this effect persisted until week 12. The latter also exhibited

increased expression of TNF-a. Mx1 was slightly and

transiently stimulated by pHly1 and pRsh3, but pGrp22

and pLysB21 stimulated expression throughout weeks 1, 3

and 5. Expression of TCRb was reduced in fish injected

with pGrp22 and pRsh3. Compared with unvaccinated

controls, the expression of the other genes that were

examined was either mostly unchanged between groups

and/or over time, e.g. NKEF, TGF-b, CD8a, Cox-1, Cox-2,

MHC I, CXC-R4, and CC-R7, or no clear pattern of

response was evident, e.g. IL-1b and IL-1R (data not

shown).

In contrast, the pattern of responses to pMsa2 express-

ing p57 protein showed, compared with fish injected with

pcDNA3.1 alone, that in weeks 3, 5 and 7 post-injection

the expression of IL-1b and Cox-2 was almost abolished

while that of MHC II was reduced and, in the case of

IL-1b, it remained so in fish examined after 12 weeks.

Interestingly, pMsa2 is a strong stimulus for TNF-a, TGF-b
and the chemokine receptors (Fig. 6). The PCR products

from reactions using each set of primers were sequenced

and in every case matched the target gene sequences.

This work shows that the immunosuppressive function

of p57 acts to reduce the transcription of IL-1b and,

probably as a consequence, Cox-2 and MHC II. IL-1b is a

pro-inflammatory cytokine and, like Cox-2, is expressed

by macrophages in response to inflammatory signals, such

as bacterial infection.36,37 Interestingly, the expression of

MHC II was increased by pHly1, pRsh3 and pGrp22 but

this was not accompanied by the increased expression of

IL-1b, Cox-2, TNF-a, or Mx1, which responds to type I

IFN stimuli.34

DISCUSSION

This study reveals some of the events that surround the early

interaction between R. salmoninarum and host macro-

phages. In particular, the rapid abrogation of the expression

of TNF-a and paradoxical concomitant stimulation of

iNOS transcription after 2 hr, when most of the bacteria

are contained within the phagocyte vacuole.2 Concurrently,

(a) (b)

(c)

(e)

(d)

Figure 4. Expression of DNA vaccine constructs in the tissues of

rainbow trout injected with 20 mg plasmid DNA. After 7 days

the muscle was fixed and observed using immunofluorescence. (a)

Unstained muscle tissue from unimmunized trout; (b) a dendritic-

like cell from the muscle of a fish injected with pLysB13; (c) muscle

from a fish injected with pGrp11; (d) the same tissue as in (c) but

with bright field illumination and fluorescence to show the structure

of the muscle tissues and the localization of the staining within an

individual myotome; (e) muscle from a fish injected with pHly1

showing the diffuse staining and vacuolation (*) of the surround-

ing tissue which was similar to the muscle from fish injected with

pMsa2. All figures are r 400 by original magnification.
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the expression of two haemolysin genes by R. salmoninarum,

hly and rsh, is almost abolished while that of msa, which

encodes the major soluble antigen p57, is unaffected.

This effect on TNF-a was reversed after 1 day, when the

expression of other inflammatory indicators was highest,

and at a time when R. salmoninarum has been shown to

reside within the cytoplasm of host macrophages.2 Reni-

bacterium salmoninarum is known to elicit a respiratory

burst during early phagocytosis, and although the enhance-

ment of this activity with TNF-a, lipopolysaccharide (LPS)

or IFN-c analogue, and the presence of H2O2 but not O2
x

has been correlated with growth inhibition, it is nevertheless

insufficient to completely eliminate the pathogen.12,13,38

Renibacterium salmoninarum may avoid direct exposure to

ROI by escaping from the phagosome2 and perhaps also by

utilizing the CR1 receptor for entry.39 Furthermore, it has

been demonstrated that R. salmoninarum infections induce

iNOS transcription in vivo, and in vitro studies suggest that

resistance to NO, but not to peroxynitrite, may provide

an additional means by which R. salmoninarum survives

macrophage killing.14,15

How R. salmoninarum manages to achieve this resistance

to macrophage killing mechanisms is unknown but recent

studies indicate that it is the sequence of ROI production

followed by a prolonged reactive nitrogen intermediates

(RNI) phase, rather than the predominance of a single

antimicrobial mechanism, that is important in the killing

of intracellular organisms by macrophages.40,41 The

importance of TNF-a to these processes is well known in

mammals where TNF-a synergizes with other mediators to

up-regulate ROI and RNI.6 Similar functions have also

been shown to occur in fish13,42 and the recent cloning of

the trout TNF-a gene will greatly facilitate further studies of

the potency of this cytokine in controlling R. salmoninarum

growth.43 A recent study using TNF-a, iNOS and IFN-c

knockout mice showed that RNI are important for

macrophage killing of mycobacteria, and while TNF-a

can control mycobacterial growth in the absence of iNOS,

the enzymatic function of iNOS rather than its expression

requires the presence of TNF-a to kill mycobacteria.44

Clearly, there are two TNF-a-dependent killing pathways

that are present, either iNOS-dependent (RNI), or iNOS-

independent, most likely ROI, and each has a role to play

in the control of intracellular bacteria. Therefore, the

reduction of TNF-a expression during the early phases

of phagocytosis may, despite the increased expression of

iNOS, affect each of these pathways and facilitate the

survival of R. salmoninarum. On the other hand, if the

higher levels of TNF-a that were evident in macrophages

after 1 and 5 days infection persisted, then this cytokine

may be implicated in the pathology of BKD and the

host-mediated destruction of kidney tissues. In this

respect, the induction of TNF-a may exacerbate the

immunopathology of tuberculosis6 and may directly
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Figure 5. Expression of cytokine and cytokine-related genes in the pronephros of rainbow trout at time-points following the

intramuscular injection of DNA vaccine constructs expressing Renibacterium salmoninarum genes hly, grp, lysB, or rsh or with

the plasmid vector, pcDNA3.1, alone. Data were gathered from a single experiment and only those genes demonstrating

a consistent pattern of variation between constructs and/or over time are shown. The reactions were repeated to confirm

reproducibility. GAPDH expression shows the consistency of the RT-PCR for each sampling occasion. UC, samples taken

from unimmunized control fish corresponding to weeks 1, 3, 5 and 7 from left to right. +, reactions containing reverse

transcriptase; x, reactions without reverse transcriptase; w, reactions with water substituted for RNA template.
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support the survival of intracellular pathogens.45 Although

in vitro experimentation may not accurately reproduce

in vivo conditions, the nature of many chronic infections,

such as BKD, renders such studies problematical.

We used the expression of specific components of

R. salmoninarum within the host in order to determine the

nature of the immune interaction and their likely contribu-

tion to the progression of BKD. The major soluble antigen

of R. salmoninarum, p57, is produced in substantial

quantities in the tissues of infected fish.17 This feature of

chronic infections has been used for the diagnosis of

asymptomatic carriers.10 We have shown that the expres-

sion of msa in rainbow trout reduces the expression of

IL-1b, Cox-2 and MHC II compared with fish injected with

plasmid vector DNA even though the expression of other

inflammatory indicators, including TNF-a, TGF-b and

the chemokine receptors CXC-R4 and CC-R7, was

apparently stimulated. Because of this, msa is an unlikely

cause of the interference with TNF-a that was observed

during the early phases of macrophage infection, even

though R. salmoninarum expresses it constitutively during

this process. In fact our results suggest that msa may

have a role in the chronic stimulation of TNF-a, which

could be expected to assist the chronic inflammatory

pathology of BKD. Our work explains the molecular basis

to previous studies showing that p57 suppresses antibody

responses, the macrophage respiratory burst17,18 and

renders immunized animals more susceptible to BKD.1

Furthermore, our results show that the effects of p57 occur

at a basic level by suppressing IL-1b and may therefore

play a pivotal role in the long term suppression of a variety

of other immune functions. The long-term suppression

of IL-1b could be expected to have a major impact on

cytokine and eicosanoid production, phagocyte function,

and lymphocyte proliferation and activation including

T-cell-dependent antibody production.37,46 The chronic

reduction in the expression of MHC II may skew the T-cell

responses toward MHC I-dependent pathways and greatly

exacerbate the pathology of BKD through the preferential

induction of cytolytic T-cell responses.47

In contrast to the suppressive nature of msa we have

shown that constructs expressing the haemolysins hly and

rsh, and a putative growth regulatory protein, grp, are

capable of inducing MHC II expression. Furthermore, hly

and lysB, a putative holin, strongly induce iNOS expression

in the pronephros of rainbow trout. Because lysB, but not

hly, rsh, or grp, was shown to increase the expression of

TNF-a, the pathways for the induction of this effect may

differ. Both grp and rsh decreased the expression of TCRb

and also failed to induce detectable iNOS. Therefore, lysB

induces iNOS and TNF-a expression without stimulating

MHC II, Mx2, or Mx3, while hly uses a TNF-a-independent

mechanism involving MHC II and also Mx2 and Mx3.
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Figure 6. (a) Expression of cytokine and cytokine-related genes in

the pronephros of rainbow trout following the intramuscular

injection of pMsa2. For comparative purposes the expression of

IL-1b, Cox-2, MHC II, TNF-a, TGF-b, CXC-R4 and CC-R7 in

fish injected with pcDNA3.1 is presented in (b). +, reactions

containing reverse transcriptase; x, reactions without reverse

transcriptase; w, reactions with water substituted for RNA

template.
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A recent series of studies of the immunization of rainbow

trout and Atlantic salmon against BKD reported up to 60%

reduction in mortality using the metalloprotease encoded

by hly, 14–22% reduction in mortality using the haemolysin

protein encoded by rsh, and increased mortality among

fish immunized with p57.24 We suggest that the effective

induction of MHC II and iNOS may have a role in this

outcome. The two proteins, Hly and Rsh, elicit a weak

antibody response in immunized rainbow trout24 and it is

possible to speculate that T helper type 1 CD4+ T-cell-like

responses may be involved in resistance to BKD.
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